ABSTRACT The positively charged rhodamine analog rhodamine 123 accumulates specifically in the mitochondria of living cells. In the present work, the uptake of rhodamine 123 by individual lymphocytes undergoing blastogenic transformation in cultures stimulated by phytohemagglutinin was measured by flow cytometry. A severalfold increase in cell ability to accumulate rhodamine 123 was observed during lymphocyte stimulation. Maximal dye uptake, seen on the third day ofcell stimulation, coincided in time with the peak of DNA synthesis (maximal number of cells in the S phase) and mitotic activity. A large intercellular variation among stimulated lymphocytes, with some cells having fluorescence increased as much as 15 times in comparison with nonstimulated lymphocytes, was observed. Whereas the increased uptake ofrhodamine 123 also correlated with the increase in cellular RNA content, the correlation between the dye uptake and cell size (measured by light scatter) was less apparent. As observed by UV microscopy, the increased dye uptake during the blastogenesis was due, to a large extent, to an increase in number of mitochondria per cell. However, an additional increase in rhodamine 123 binding per mitochondrion or per unit of mitochondrial membrane in stimulated cells could not be excluded. The present data indicate that rhodamine 123 may be used as a supravital mitochondrial probe, discriminating between cycling and quiescent cells and having application in sorting functionally distinct cell subpopulations.
Johnson et al. (1) have recently reported that the fluorescent laser dye rhodamine 123 directly and selectively stains mitochondria of living cells. These authors observed that the dye is taken up by mitochondria in a variety ofcell types without being accumulated, even transiently, in other cell organelles (i.e., lysosomes, endocytic vesicles). Changes in mitochondrial organization, distribution, and shape induced by viral transformation or colchicine treatment could be visualized easily after staining with rhodamine 123 (1) . The dye, reported not to be cytotoxic at concentrations up to 10 ,g/ml, thus may be used supravitally as a mitochondrial probe.
We report here that the fluorescence of individual cells stained with rhodamine 123 can be measured by flow cytometry, and we compare the rhodamine 123 binding of noncycling, quiescent lymphocytes with lymphocytes stimulated to proliferate by phytohemagglutinin (PHA) . In particular, the uptake of rhodamine 123 is measured and correlated with progression of stimulated lymphocytes through the cell cycle, as analyzed by multiparameter flow cytometry based on simultaneous quantitation of cellular RNA and DNA (2) .
MATERIALS AND METHODS
Cells. Blood was collected by venipuncture of healthy volunteers and the leukocytes were separated by gradient centrifugation on Ficoll/Isopaque (Lymphoprep; Nyegaardo, Oslo, Norway). The mononuclear cells were suspended in Eagle's basal medium containing 15% fetal bovine serum and subcultured in plastic dishes to remove most ofthe monocytes (3). The nonadhering cells were then suspended in Eagle's medium containing penicillin, streptomycin, and 15% fetal bovine serum and incubated at 37°C in the presence of PHA (phytohemagglutinin M, GIBCO) as described (2, 3) . The samples were withdrawn from these cultures at daily intervals. Other details ofthe cell culture system are given elsewhere (2, 3) .
Cell Staining. Acridine Orange. Cell staining with acridine orange (AO) was described in detail before (24). In this technique the cells are made permeable by Triton X-100 and then exposed to 13 ,AM AO in the presence of NaEDTA and at an AO-to-DNA phosphate molar ratio of >2 (4) . The differential staining of DNA and RNA is due to different modes ofdye binding to those biopolymers. Namely, AO intercalates into double helical DNA and in this form, as a monomer, fluoresces green (530 nm) in blue light (5) . The dye interacting with singlestranded RNA fluoresces metachromatically red with maximal intensity at 640 nm (6) . Because double-stranded RNA undergoes in situ denaturation in the presence of EDTA and AO, nearly all cellular RNA is stained metachromatically (4). Stoichiometry of DNA and RNA staining by this method has been recently confirmed (7, 8) . To evaluate the specificity ofstaining, cells were treated with RNase A or DNase I (both obtained from Worthington) as described (2, 9) . The data on RNA content (Table 1) refer to the RNase-sensitive portion of the red fluorescence.
Rhodamine 123. Highly purified (laser dye quality) rhodamine 123 was obtained from Eastman Organic Chemicals. The stock solution ofthe dye at 1 mg/ml was made in distilled water. Further dye dilutions were made in Eagle's medium containing 15% fetal bovine serum and the dye was then added into cell cultures to the final desired concentrations. In preliminary experiments different concentrations (0.1-50 ,ug/ml) of the dye and different times of incubation (1-30 min) were tested with respect to cell fluorescence and viability. Detailed results of these experiments will be presented elsewhere. In these studies, the optimal stainability of cells with rhodamine 123 was obtained at 3-10 ,Ag/ml, and the plateau ofdye uptake was seen after 10 min ofincubation. Cell viability as assayed by the trypan blue or ethidium bromide exclusion tests was essentially unchanged during 24-hr culturing of rhodamine-labeled (10 ,g/ ml) cells. These conditions were used in the present studies and all the data presented on rhodamine 123 uptake were obtained after preincubation of cells with the dye at 10 ,g/ml for 10 min at 37°C. After the incubation, cells were centrifuged, resuspended in Hanks' balanced salt solution, and examined by flow cytometry.
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Stained cells from all cultures also were examined by UV microscopy using a Leitz Orthoplan equipped with epifluorescent illumination and, in most observations, 485-nm excitation and 530-nm emission filters. To eliminate dead cells from the measured suspensions, the cells were incubated with a freshly prepared mixture of 0.25% trypsin and DNase I at 100 ,ug/ml (both Worthington) at 370C for 20 min. Broken and dead cells, as well as isolated nuclei, are totally dissolved by these enzymes, while living cells remain virtually unchanged (10) .
Measurements. Fluorescence (F) and light scatter of individual cells were measured in the FC 200 Cytofluorograf(Ortho Diagnostic Instruments, Westwood, MA) interfaced to a Data General minicomputer. Fluorescence pulses are generated in this instrument by each cell as it passes in flow through a 488-nm argon-ion laser beam. In the case of AO-stained cells, the red (F>6w; measured in a band at 600-650 nm) and green (Fsw; measured in a band at 515-575 nm) fluorescence emissions are separated optically and measured by separate photomultipliers, and the integrated values of the respective pulses for each cell are recorded in the computer. The width of the pulse also is measured and used to distinguish single cells from cell doublets, as described (11) .
The strongest emission of cells stained with rhodamine 123 is green in blue light, as previously reported by Johnson et al. (1) . A weaker red fluorescence also can be observed by UV microscopy after excitation at higher wavelengths (=530 nm) and using a longer wavelength (>600 nm) emission filter. The detailed excitation and emission spectra of free dye at various concentrations and dye taken up by cells will, be given elsewhere. The data on rhodamine 123 binding in this report were obtained after cell excitation at 488 nm and green fluorescence measurements at 515-575 nm (F&30).
Forward light scatter also was measured in samples stained with rhodamine; thus two parameters of those living cells were analyzed simultaneously (Fig. 2) . Some of the data were recalculated for the mitogen-responsive subpopulations only ( Table  1) . The mitogen-responsive subpopulations were selected at a given time point by using computer-interactive programs to remove from the respective histograms cells with RNA, scatter, or rhodamine fluorescence values characteristic ofthe nonstimulated cells. To this end, cells within the limits of ±3 SD ofthe respective means of RNA, scatter, or rhodamine fluorescence of the nonstimulated cell populations ("0 time") were removed from the histograms of, the PHA-stimulated lymphocytes and the remaining cells were considered to represent the mitogenresponsive subpopulation. Thus, at any given time point, this subpopulation overlapped by less than 1% in fluorescence or scatter values with the quiescent lymphocytes. All data are based on totals of 5 X 103 cells measured per sample; cell doublets and higher aggregates were excluded (11 (12, 13) .
The kinetics of lymphocyte stimulation as reflected by increase in RNA content and cell progression through the cycle is illustrated in Fig. 1 . During the first day after stimulation by PHA a subpopulation of lymphocytes with increased RNA content becomes apparent. Further rise in RNA content and an increase in DNA as cells enter S and G2 + M phases is observed on the second day, and on the third day of stimulation lymphocytes are characterized by maximal RNA content and the largest proportion of cells in S and G2 + M phases. Finally, on the fourth day, a decrease in RNA and lowered number of S and G2 + M cells are seen. Even during maximal lymphocyte stimulation (third day) about 20% of cells in these cultures remain with unchanged RNA and DNA content, representing the mitogen-nonresponsive subpopulations (GLQ).
Cellular uptake ofrhodamine 123 and light scatter properties ofindivual cells were analyzed in the same cultures (Fig. 2) . The forward light scatter as presently measured relates mainly to cell size, although cell granularity and refractive index also influence this measurement (14) . Nonstimulated lymphocytes show relatively low and uniform values of the rhodamine 123 fluorescence and low values oflight scatter. Only minor changes in the fluorescence and light scatter occur during the first 24 hr ofstimulation (Fig. 2b) . On the second day, however, the distribution ofcells with respect to both fluorescence and light scatter values is clearly bimodal, as a subpopulation of PHA-responsive lymphocytes with markedly increased fluorescence and light scatter becomes apparent. The highest uptake ofrhodamine 123 is seen on the third day; at that time the mean fluorescence of the responsive subpopulation is about 7 times higher than that of either lymphocytes prior to stimulation (Fig. 2a) or of the nonresponsive subpopulations in the same cultures.
The responsive subpopulation is highly heterogeneous. While some cells have only slightly increased rhodamine 123 fluorescence (10-20 units) , there are also cells with fluorescence values above 100 units (Fig. 2d) . The uptake of rhodamine 123 is clearly diminished in 4-day-old PHA cultures.
Changes in light scatter properties of lymphocytes during stimulation have somewhat different kinetics than changes in the uptake of rhodamine 123 (Fig. 2, Table 1 ). Namely, while no significant increase is observed during the first day, on the second day the PHA-responsive subpopulation had nearly 4-fold higher mean value of light scatter as compared with control or nonresponsive subpopulations. However, unlike rhodamine Cell samples were withdrawn from the same lymphocyte cultures incubated with PHA for up to 4 days. Cells were then analyzed for RNA after staining with AO, as described in the legend to Fig. 1 , or for light scatter and rhodamine 123 uptake (see Fig. 2 123 uptake, mean values of light scatter of the responsive subpopulation did not change further during the subsequent third and fourth day of culturing. During maximal stimulation (third day) about 20% of the lymphocytes remained with unchanged values of the rhodamine 123 uptake and light scatter-i.e., a similar proportion to those not responding to PHA by the RNA increase (Fig. 1) .
Cell morphology and viability were analyzed by microscopy in all cultures and were compared with cellular ability to accumulate rhodamine 123. By the standard trypan blue exclusion test there were less than 1% dead cells prior to stimulation and 8%, 12%, 16%, and 18% dead cells on day 1, 2, 3, and 4 after stimulation, respectively. When the samples were preincubated simultaneously with trypan blue and rhodamine and then analyzed by combined light and UV microscopy, the cells excluding trypan blue exhibited bright green fluorescence of cytoplasmic structures typical of mitochondrial shapes as described by Johnson et al. (1) , while nearly all dead cells were not fluorescent. Most of the fluorescent structures had either oval or rod-like appearance, and were more numerous in blast cells from 3-to 4- Regardless of the mechanism of rhodamine 123 binding, the present data indicate that the dye taken up specifically by mitochondria of living cells may be used as a supravital stain discriminating between cycling and quiescent cells. This fluorochrome, therefore, may be used for supravital cell staining and sorting of functionally distinct subpopulations for their further analysis-i.e., by precursor incorporation studies or cloning. Proc. Natl. Acad. Sci. USA 78 (1981) The possible general usefulness of this probe in discriminating quiescent versus cycling cell subpopulations should be further evaluated in other cell systems.
